Background: Oxidative stress plays a significant role in atherosclerosis development. HIV infection has been linked with heightened cardiovascular disease risk. HMG-CoA reductase inhibitors may reduce oxidative stress and subsequently subclinical vascular disease in HIV.
Introduction
Chronic HIV infection leads to accelerated atherosclerosis and higher risk of myocardial infarction compared to the general population [1] [2] [3] . Traditional cardiovascular risk factors [4, 5] , antiretroviral therapy (ART) [6] and chronic inflammation [7, 8] and immune activation, specifically monocyte activation [9] [10] [11] , are thought to contribute to this heighten ed cardiovascular disease (CVD) risk. In addition, oxidative stress has been implicated in the development of early atherosclerotic lesions [12] , and markers of oxidative stress are independent risk factors for CVD events in the general population [13] [14] [15] [16] . HIVinfected individuals have higher levels of oxidized low-density lipoprotein (oxLDL) [17] and oxLDL has been linked with subclinical vascular disease with HIV infection [18] .
HMG-CoA reductase inhibitors or statins reduce the risk of CVD events in patients with normal levels of low-density lipoprotein (LDL) [19] . Statins have several cholesterol-independent effects that may decrease CVD risk. We have previously shown that rosuvastatin decreases monocyte activation [soluble CD14 and the proportion of tissue factor-expressing patrolling monocytes (CD14dimCD16 þ cells)], T-cell activation (proportion of CD38 þ HLA-DR þ T cells), systemic inflammation [cystatin C and interferon g inducible protein-10 (IP-10)] and vascular inflammation (lipoprotein-associated phospholipase A2) in HIV [20] [21] [22] [23] . Statins have antioxidant activity [24, 25] and decrease markers of oxidative stress in some [26 -28] , but not all [29, 30] disease states. To our knowledge, the effect of statins on oxLDL or other oxidative stress markers in the setting of chronic HIV infection has not been studied.
Therefore, the goal of this study was to evaluate the effect of rosuvastatin on oxidative stress markers including plasma oxLDL and urine F2-isoprostane/ creatinine ratio (F2-IsoP/Cr) over 48 weeks in a randomized, placebo-controlled trial of HIV-infected adults on stable ARTwith LDL less than 130 mg/dl and evidence of heightened inflammation or immune activation. Additionally, we aimed to evaluate relationships between changes in oxLDL and changes in markers of systemic inflammation and monocyte activation, as well as changes in subclinical vascular disease. We have shown previously that rosuvastatin decreases monocyte activation and improves carotid intima media thickness progression (CIMT) [21, 31] . Our hypotheses were that markers of oxidative stress would improve with rosuvastatin, that changes in monocyte activation would be linked with the change in oxLDL, and that changes in oxidative stress markers would be associated with favourable changes in CIMT over time.
Methods
The Stopping Atherosclerosis and Treating Unhealthy bone with Rosuvast-atiN (SATURN-HIV) study is a randomized, double-blind, placebo-controlled trial designed to study the effect of rosuvastatin 10 mg daily on markers of cardiovascular risk, skeletal health and immune activation in HIV-infected adults on ART. The results presented herein represent prespecified secondary analyses of the oxidative stress markers, oxLDL and F2-IsoP/Cr. The study is registered on clinicaltrials.gov (NCT01218802) and has been approved by the Institutional Review Board of the University Hospitals Case Medical Center, Cleveland, Ohio, USA. All participants provided written informed consent prior to enrolment.
The eligibility criteria for SATURN-HIV have been described [22] . In brief, all participants were at least 18 years of age, with chronic HIV-1 infection on stable ART for at least 3 months with cumulative ART duration of at least 6 months and HIV-1 RNA less than 1000 copies/ml. Additional entry criteria included fasting LDL less than 130 mg/dl and evidence of either heightened T-cell activation or systemic inflammation, defined as having proportion of CD8 þ T cells that express CD38 and HLA-DR at least 19% or high sensitivity C-reactive protein (hsCRP) at least 2 mg/l, respectively. Notable exclusion criteria were known coronary artery disease or diabetes, pregnancy, immunomodulating, hormonal or anti-inflammatory medications, inflammatory condition including HIV or creatinine clearance less than 50 ml/min by Cockcroft-Gault. Participants were randomized on enrolment to rosuvastatin 10 mg daily or to matching placebo in a 1 to 1 ratio. Randomization was stratified by protease inhibitor use, by presence of coronary artery calcium on cardiac computed tomography and osteopenia on DEXA scan.
Study evaluations
For this oxidative marker analysis, participants were evaluated at 0, 24 and 48 weeks. Demographics and medical history were obtained by self-report. A targeted physical exam and 12-h fasting blood draw and urine collection were performed at each visit. From wholeblood samples collected in ethylenediaminetetraacetic acid-containing tubes, peripheral blood mononuclear cells (PBMCs) were separated by centrifugation with Ficoll-Hypaque. Additionally, plasma was isolated by centrifugation. Urine, PBMCs and plasma were cryopreserved at À808C until analysed in batches.
Oxidative stress markers
Oxidized LDL levels were determined in plasma by quantitative sandwich ELISA (Mercodia, Uppsala, Sweden) based on the mouse monoclonal antibody 4E6, which is directed against the conformational epitope in oxidized ApoB-100 at Johns Hopkins University. F2-Isoprostane/ creatinine ratios were quantified from urine using liquid chromatography-mass spectrometry at the Cleveland Heart Lab. Oxidized LDL and F2-IsoP/Cr levels were determined at 0, 24 and 48-week visits.
Inflammation and immune activation markers
Interleukin-6 (IL-6), soluble tumour necrosis factor receptors I and II (sTNF-RI and -RII) and interferon g inducible protein-10 (IP-10) were measured by ELISA (R&D Systems, Minneapolis, Minnesota, USA). High sensitivity C-reactive protein was determined by particle enhanced immunonephelometric assay on a BNII nephelometer (Siemens, Indianapolis, Indiana, USA). These assays were performed at the Laboratory for Clinical Biochemistry Research at the University of Vermont with the exception of IP-10 which was performed at Case Western Reserve University. Soluble markers of monocyte activation [soluble CD14 (sCD14) and soluble CD163 (sCD163)] were measured by ELISA (R&D Systems) and were performed at Case Western Reserve University.
Monocytes were phenotyped from PBMCs by flow cytometry as previously described [22] . Monocyte subsets including CD14 þ CD16 þ (inflammatory) and CD14dimCD16 þ (patrolling) were quantified as a percentage of the overall monocyte population.
Subclinical vascular disease
At entry and week 48, all participants underwent highresolution ultrasound scanning of the carotid arteries using a Philips iU22 with L9-3 MHz linear array transducer (Philips Healthcare; Andover, Massachusetts, USA) following the consensus protocol of the American Society of Echocardiography [32] . Common carotid artery intima media thickness (CCA IMT) was measured using semi-automated edge detection software (Medical Imaging Applications LLC, Coralville, Iowa, USA) as previously described [23] .
Other measures
Insulin resistance was calculated from fasting glucose and insulin using the homeostatic model assessment of insulin resistance (HOMA-IR) [33] . CD4 þ cell counts and HIV-1 RNA levels were measured as part of routine clinical care.
Statistical analysis
Demographics, HIV-related characteristics and cardiovascular risk factors are described overall and by group using mean AE standard deviation or SD for continuous variables and frequency (percentage) for categorical variables. All baseline variables were compared between groups using unpaired t-tests or Wilcoxon rank-sum tests as appropriate for continuous variables and by x 2 tests, Fisher's exact tests or Pearson exact x 2 tests as appropriate for categorical variables. Between and within group changes in oxidative stress markers were tested using paired t-tests or Wilcoxon signed-rank tests and unpaired t-tests or Wilcoxon rank-sum tests as appropriate for the distribution of the variables, respectively. Absolute changes from weeks 0 to 24 and 0 to 48 were tested.
Next, Spearman correlation analysis was used to evaluate relationships between baseline oxidative stress markers, markers of systemic inflammation, immune activation and CCA IMT in all enrolled participants. Additionally, Spearman correlation analysis was used to determine associations between early changes in oxLDL (week 0 to 24); and early changes in markers of systemic inflammation and immune activation; and late (weeks 0 to 48) changes in CCA IMT in all participants and in the rosuvastatin group separately. Last, multivariable linear regression was used to determine variables independently associated with late changes in CCA IMT. Variables of interest in this analysis included early changes in oxLDL and soluble and cellular markers of monocyte activation. Baseline CCA IMT was included in all models. Models were checked to be sure the assumptions of linear regression were met. Because the markers of oxidative stress, systemic inflammation and monocyte activation and CCA IMT were skewed, each was transformed by taking the natural logarithm prior to analyses. Analyses of follow-up data were restricted to participants with full outcome information at each time point, that is, complete case analysis was used. Participants were analysed in the group to which they were randomized. All statistical tests were two-sided and considered significant if P < 0.05. Analyses were performed using SAS v. 9.4 (SAS Institute, Cary, North Carolina, USA).
Results
From March 2011 to August 2012, 147 adults met entry criteria, were enrolled and randomized (72 to rosuvastatin, 75 to placebo) in the SATURN-HIV study. Follow-up through 48 weeks was completed by June 2013. Through 48 weeks, six participants on rosuvastatin and 13 participants on placebo withdrew consent or were lost to follow-up for reasons unrelated to the study medication, resulting in 136 participants (67 on rosuvastatin, 69 on placebo) at week 24, and 128 (66 on rosuvastatin, 62 on placebo) at week 48 with available data for analysis through these time points. There were no significant differences in the baseline characteristics of those participants who withdrew or were lost to followup and those who completed the study. (Participant flow chart through 48 weeks has been published previously [21] .)
Baseline characteristics
Demographics, HIV-related characteristics and cardiovascular risk factors were balanced between groups at baseline (Table 1) . Overall, 78% were men, 68% were African American, 29% were Caucasian and 12% had hepatitis C co-infection. The mean AESD age was 45.4 AE 9.9 years and BMI was 28.1 AE 6.5 kg/m 2 . Sixtythree per cent were current smokers and an additional 16% were smokers in the past. The mean AE SD current and nadir CD4 þ cell counts were 640 AE 300 and 200 AE 146 cells/ml, respectively. All participants were on ART by design. Protease inhibitor use (48 vs. 50% were on a protease inhibitor in the placebo vs. rosuvastatin groups, respectively; P ¼ 0.81) and the various protease inhibitors/protease inhibitor combinations used [atazanavir alone (n ¼ 3), ritonavir-boosted atazanavir (n ¼ 41), ritonavir-boosted darunavir (n ¼ 19), ritonavir-boosted lopinavir (n ¼ 7) and ritonavir-boosted fosamprenavir (n ¼ 2); P ¼ 0.82] were balanced at baseline between groups: the mean AE SD cumulative duration of ART of 7.1 AE 5.2 years and known duration of HIV infection of 12.2 AE 6.9 years. Seventy-eight percent of participants had HIV-1 RNA less than 50 copies/ml (range <20-600 copies/ml). Only three participants changed ART during the study: switched didanosine to abacavir; switched tenofovir/emtricitabine to abacavir/lamivudine switched lamivudine/zidovudine to emtricitabine/tenofovir þ maraviroc. At baseline, oxLDL levels and F2-IsoP/Cr were similar between groups. Figure 1 shows changes in oxLDL levels by randomization group. In the rosuvastatin group, oxLDL decreased significantly from week 0 to 24 compared to placebo [mean absolute change in log-oxLDL for rosuvastatin-0.2 AE 0.468 U/l (P < 0.001 within group) vs. placebo -0.018 AE 0.456 U/l (P ¼ 0.83 within-group); P ¼ 0.004 between-groups]. In both groups, oxLDL increased relative to baseline by 48 weeks and these changes were not different between groups. Whereas F2-IsoP/Cr increased in the rosuvastatin group over 24 weeks, changes were not different between groups [mean absolute change in log-F2-IsoP/Cr for rosuvastatin 0.174 AE 0.701 log pg/ml (P ¼ 0.01 within group) vs. placebo 0.095 AE 0.655 log pg/ml (P ¼ 0.23 within group); P ¼ 0.6 between groups]. Week 0 to 48 changes in F2-IsoP/Cr were not significant within or between groups.
Changes in oxidative stress markers

Oxidative stress marker correlation analysis
As shown in Table 2 , baseline oxLDL levels positively correlated with hsCRP, but not with other markers of systemicinflammationor monocyteactivation,HIV-related factors or baseline CCA IMT. Overall, early (week 0 to 24) changes in oxLDL were positively correlated with early changes in sCD14 and changes in the percentage CD14dimCD16 þ monocytes, but not with changes in markersofsystemicinflammation.Thislinkbetweenchange in oxLDL and monocyte activation was also seen when the 68 AIDS 2016, Vol 30 No 1 
Multivariable linear regression
Informed by the correlation analysis linking early changes in oxLDL with later changes in CCA IMT and in-vitro data suggesting that oxLDL may be driving monocyte activation [34] , we aimed to evaluate the factors that were independently associated with week 0 to 48 change in CCA IMT. In separate models adjusting for baseline CCA IMT only, both early changes in oxLDL (b¼0.025; P ¼ 0.03) and sCD14 (b¼0.035; P ¼ 0.04), but not proportion of CD14dimCD16 þ monocytes (b¼-0.001; P ¼ 0.9), were associated with later changes in CCA IMT. When including each of these variables into the same model, only early change in oxLDL (b¼0.03; 0.02) remained associated with later change in CCA IMT. This association between early change in oxLDL (b¼0.028; P ¼ 0.02) and later change in CCA IMT remained after further adjusting for clinically relevant baseline factors, including age, sex, race, smoking, BMI, systolic blood pressure, HOMA-IR, hepatitis C status, nadir CD4 þ cell count and protease inhibitor use as well as when adjusting for baseline Framingham risk score (model not shown).
The fact that early change in sCD14 was attenuated by inclusion of change in oxLDL into the model lends support to the hypothesis that oxLDL drives monocyte activation, and also that improvement in oxLDL may be in the causal pathway between improved monocyte activation and improved CCA IMT. Last, adjusting for baseline CCA IMT only, there was a trend towards randomization group (b¼-0.02; P ¼ 0.09) being associated with week 0 to 48 change in CCA IMT. The effect of randomization group (b¼-0.011; P ¼ 0.35) was also attenuated when including early change in oxLDL in the model signifying that change in oxLDL with rosuvastatin may be mediating the improvement in CCA IMT over time. Table 3 shows the stepwise multivariable modelling strategy used and the results of each model described.
Discussion
In this randomized, placebo-controlled trial, we report for the first time that rosuvastatin 10 mg daily decreases oxLDL significantly over 24 weeks in HIV-infected adults on stable ART with LDL less than 130 mg/dl. Importantly, although the effect was not sustained, the early decrease in oxLDL was independently associated with later improvement in CCA IMT. Last, we have also shown that changes in oxLDL may be in the causal pathway between changes in monocyte activation and subclinical vascular disease in HIV.
Oxidized LDL is the proinflammatory form of LDL which plays a pivotal role in development of foam cells [35, 36] and has been shown to contribute to smooth muscle cell proliferation and endothelial cell activation Table 2 . Correlation analysis for week 0 oxidized low-density lipoprotein and week 0 to 24 change in oxidized low-density lipoprotein.
Week 0 log-oxLDL N ¼ 147 [37]. Each of these are steps important in the development of atherosclerotic plaque. Statins may decrease oxLDL by several mechanisms. First, by reducing LDL synthesis, there is less substrate for oxidation. In addition, statins decrease macrophage production of superoxide [38, 39] and may decrease the susceptibility of the LDL present to be oxidized [40, 41] . In our study, LDL decreased 25% from week 0 to 24 in the rosuvastatin group and week 0 to 24 changes in oxLDL were correlated with changes in LDL (r¼0.48; P < 0.0001). This suggests that the effect of rosuvastatin on LDL reduction explains some of the effect on oxLDL. Further, from week 24 to 48, LDL increased 13% in the rosuvastatin group which is a possible explanation for why the reduction in oxLDL was not sustained. Short term, several studies have shown that statins reduce oxLDL outside of HIV [26, 27, [42] [43] [44] [45] [46] [47] [48] [49] ; however, few have follow-up to 48 weeks and the results are mixed [50] [51] [52] . In a study of adults with ischemic cardiomyopathy, the atorvastatin dose appeared to play a role in oxLDL reduction over 48 weeks [50] . In another study, reduction of oxLDL was different in the different LDL subfractions, that is, oxLDL was reduced mostly in medium density LDL [52] . Lipoprotein subfractions were not determined for our study.
Next, early decrease in oxLDL was linked with later improvementinCCA IMT. OutsideofHIV, treatment with statins has been associated with improvement in measures of subclinical atherosclerosis and endothelial function [46, 53] and risk of cardiovascular events [19] . There is limited data, however, linking improvement in oxLDL to improved outcomes.Inadultswithcarotidstenosis,decreaseinoxLDL correlated with reduction in stenosis and treatment with atorvastatin ameliorated restenosis after angioplasty [51] . Additionally, worsening oxLDL has been linked with CVD events [54] affirming the relationship of change in oxLDL with CVD outcomes in other populations. Interestingly, monocyte activation has been linked with CVD with HIV infection [9] [10] [11] . Both soluble and cellular markers of monocyteactivationhavebeenlinkedwithhighriskfeatures in atherosclerotic plaques [10] and progression of coronary artery calcium [9] in HIV-infected adults on ART). Further, in a study led by one of the authors (N.T.F.), stimulation of whole blood samples with oxLDL, but not LDL, was shown to increase the proportion of inflammatory monocytes (CD14 þ CD16 þ ) and the expression of tissue factor on classical and inflammatory monocytes suggesting a possible link between oxLDL and monocyte activation [34] . Our study supports this hypothesis as both early improvement in oxLDL and the monocyte activation marker sCD14 were associated with later improvement in CCA IMT separately, but when both were included in a multivariable model, change in sCD14 was no longer significant, suggesting change in oxLDL is in the causal pathway between change in sCD14 and improved CCA IMT.
Last, F2-IsoP/Cr did not improve with rosuvastatin in our study. F2-isoprostanes are prostaglandin-like compounds 70 AIDS 2016, Vol 30 No 1 produced by free radical-mediated peroxidation of arachidonic acid and are a marker of lipid oxidation [55] . They may also act as vasoconstrictors and promote platelet activation resulting in thrombus formation [56, 57] . Measurement of F2-isoprostanes is widely considered the most accurate method to measure oxidant stress in vivo [58, 59] . Although it is not clear why F2-IsoP/Cr did not decrease with rosuvastatin in our study, this is consistent with prior studies evaluating the effect of statins on this oxidative stress marker outside of HIV [29, 60] . It is possible that HIV-related factors or ART may affect F2-IsoP levels so profoundly that statins are unable to improve these levels in the continued presence of HIV and/or ART effect.
Strengths of this study include the double-blind, placebocontrolled, randomized trial design, as well as the comprehensive evaluation of markers of inflammation and monocyte activation. However, some limitations deserve noting. We focused on a specific population of HIV-infected individuals with normal LDL-cholesterol levels, and, because of this, our findings may not be generalizable to all HIV-infected individuals. Also, given the decrease in oxLDL was not sustained, longer term follow-up would be necessary to determine the potential impact of the increase in oxLDL relative to baseline over 48 weeks in both groups. Next, over 48 weeks 13% of all participants (4% from the rosuvastatin group and 9% from the placebo group) withdrew consent or were lost to follow-up which may have resulted in the introduction of bias in determining the treatment effect. However, in the subset of participants that completed the week 48 visit, important baseline demographics, HIV-related factors and Framingham risk score remained balanced between the groups (data not shown) making this unlikely. Further, this rate of attrition is consistent with other randomized clinical trials reported in the literature and is not greater than would be expected [61] . Last, smoking status has been shown to confound the relationship between HIV and levels of markers of inflammation. In this study, smoking status was assessed at entry, week 24 and 48 visits. Through 48 weeks, 19 participants (10 in the placebo group and nine in the rosuvastatin group) changed smoking status from one of these study visits to another. Although this may have contributed to the results of this study, excluding participants who changed smoking status between week 0 and 24 (n ¼ 14), the decrease in oxLDL over this time frame was still significant within the rosuvastatin group and between the rosuvastatin and placebo groups. Further, excluding participants whose smoking status was different between week 0 and 48 (n ¼ 10) did not qualitatively change the results of the multivariable linear regression modelling.
In conclusion, rosuvastatin decreases oxLDL early after initiation and is associated with decreased monocyte activation. Importantly, early improvement in oxLDL is linked with improved CIMT in treated HIV infection.
Further study is needed to determine if statins reduce clinical CVD events in HIV infection.
